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OD WDUHD$GHPiV OD LQWHUDFFLyQ HQWUH HOPDQLSXODGRU UHPRWR \ HO HQWRUQR VH FRQVLGHUD SDVLYD/D FRPXQLFDFLyQ HQWUH HO VLWLR ORFDO \
UHPRWRVHUHDOL]DPHGLDQWHXQFDQDOGHFRPXQLFDFLyQFRQUHWDUGRGHWLHPSR(ODQiOLVLVSUHVHQWDGRHQHVWHDUWtFXORFRQVLGHUDGDTXHpVWHHV
YDULDEOH(QHVWHDUWtFXORWDPELpQVHGHPXHVWUDODHVWDELOLGDGGHOVLVWHPDXWLOL]DQGRODWHRUtDGH/\DSXQRY.UDVRYVNLLGHPRVWUiQGRVHTXH
HO HVTXHPD GH FRQWURO SRU FRQYHUJHQFLD GH HVWDGR SDUD HO FDVR FRQ UHWDUGR GH WLHPSR YDULDEOH DVHJXUD OD HVWDELOLGDG GHO VLVWHPD GH
WHOHRSHUDFLyQ QR OLQHDO 7DPELpQ VHPXHVWUD H[SHULPHQWDOPHQWH TXH SDUD HO FDVR GH SURWRFRORV GH FRPXQLFDFLyQ ILDEOHV HO HVTXHPD
SURSXHVWR JDUDQWL]D TXH VH ORJUD OD FRRUGLQDFLyQ SRVLFLyQ ORFDOUHPRWR.Copyright2014 CEA. Publicado por Elsevier España, S.L. 







VLGR XVDGRV SDUD OD UHDOL]DFLyQ GH GLIHUHQWHV WDUHDV \ HQ
DSOLFDFLRQHV PX\ GLYHUVDV WDOHV FRPR OD PDQLSXODFLyQ GH
PDWHULDOHVWy[LFRVRQRFLYRVRSHUDFLyQHQHQWRUQRVUHPRWRVWDOHV
FRPR VXEPDULQR R HO HVSDFLR DSOLFDFLRQHVPpGLFDV GH UHVFDWH
GHVDFWLYDFLyQ GH H[SORVLYRV HWF &RQ ORV DYDQFHV WHyULFRV \
SUiFWLFRV ORJUDGRVHQ ORV~OWLPRVDxRV VHSUHYpTXHHVWi WpFQLFD
VLJDH[SDQGLpQGRVH\PDVLILFiQGRVHVXXVR
/D WHOHSUHVHQFLDTXHSXHGHGHILQLUVH FRPR OD FDSDFLGDGGH
KDFHU TXH HO RSHUDGRU KXPDQR VLHQWD TXH HV pO TXLHQ UHDOL]D OD
WDUHD \ QR XQ URERW UHPRWR HV MXQWR FRQ OD HVWDELOLGDG XQD
SURSLHGDGFODYHHQHOVLVWHPDGHWHOHRSHUDFLyQ
(Q FXDOTXLHU VLVWHPD GH WHOHRSHUDFLyQ OD H[LVWHQFLD GHO
UHWDUGR GH WLHPSR HQ HO FDQDO GH FRPXQLFDFLyQ HV XQ SUREOHPD
SRWHQFLDO VHYHUR TXH SXHGH GHJUDGDU OD HVWDELOLGDG \ HO
GHVHPSHxR(VWHUHWDUGRSXHGHHVWDUHQHORUGHQGHPLOLVHJXQGRV






UHODWLYDPHQWH FRUWD HO UHWDUGR QR HV SHUFHSWLEOH VLQ HPEDUJR
FXDQGR HO PDQLSXODGRU ORFDO \ HO PDQLSXODGRU UHPRWR VH
HQFXHQWUDQ D XQD GLVWDQFLD OHMDQD XQR GHO RWUR HO UHWDUGR GH
WLHPSR \D QR HV LQVLJQLILFDQWH H LQIOX\H QHJDWLYDPHQWH HQ OD
UHDOL]DFLyQ GH OD WDUHD (O UHWDUGR GH WLHPSR HQ XQ VLVWHPD GH
FRQWURO LQWURGXFH XQ DWUDVR GH IDVH TXH D VX YH] GHJUDGD HO
UHQGLPLHQWRGHOVLVWHPD\SXHGHFDXVDULQHVWDELOLGDG
8QR GH ORV SULPHURV WUDEDMRV TXH WUDWD HO SUREOHPD GHO
UHWDUGR IXH SXEOLFDGR HQ )HUUHO  GRQGH HO VLVWHPD IXH
RSHUDGRHQOD]RDELHUWRSRUORWDQWRQRVHREVHUYySUREOHPDVGH
LQHVWDELOLGDG $QGHUVRQDQG6SRQJ6HFRQFOX\yDSDUWLU
GH YDULRV H[SHULPHQWRV TXH OD PD\RUtD GH ORV RSHUDGRUHV
DGRSWDEDQ OD HVWUDWHJLD ³PRYHU \ HVSHUDU´ SDUD FRUUHJLU ORV
HIHFWRV GHO UHWDUGR VLJQLILFDWLYR (Q  VH GHWHUPLQy TXH XQ
UHWDUGRGH WLHPSR LJXDORPHQRUTXHPVSXHGHGHVHVWDELOL]DU
ORV FRQWURODGRUHV ELODWHUDOHV $QGHUVRQ DQG6SRQJ  .LP
et al   (VWRV DXWRUHV WDPELpQ SUREDURQ TXH VH JHQHUD
HQHUJtD HQ HO FDQDO GH FRPXQLFDFLyQ TXH KDFH TXH HVWD
FRPSRQHQWHGHOVLVWHPDQRVHDSDVLYD
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DFW~D FRPRXQD OtQHD VLQ SpUGLGD GH WUDQVPLVLyQ $QGHUVRQ DQG
6SRQJ
(Q $QGHUVRQ DQG 6SRQJ  VH SURSRQH HPSOHDU OD
SDVLYLGDG \ OD WHRUtD GH GLVSHUVLyQ SDUD VXSHUDU OD LQHVWDELOLGDG
FDXVDGD SRU UHWDUGRV GH WLHPSR 1LHPH\HU DQG 6ORWLQH 
JHQHUDOL]DURQ OD LGHD GH $QGHUVRQ DQG 6SRQJ  \
SURSXVLHURQ XQ PpWRGR GH FRQWURO GH WHOHRSHUDFLyQ EDVDGR HQ
VHxDOHV GH RQGD (VWH WUDEDMR PRVWUy TXH XVDQGR OD






VXSHUYLVRU HQ OD TXH VH GRWD DO VLVWHPD UHPRWR GH FRQRFLPLHQWR
VREUH HO VLWLR ORFDO GH IRUPD WDO GH GDUOH DXWRQRPtD HQ FDVR GH
JUDQGHV UHWDUGRV R GH SpUGLGD GH FRQH[LyQ FRQ HO VLWLR ORFDO
*HQHUDGHHVWDPDQHUDVHxDOHVSUHGLFWLYDVDGLWLYDVTXHJDUDQWL]DQ
ODHVWDELOLGDGD~QDQWHJUDQGHVUHWDUGRV
(Q /HH DQG 6SRQJ  VH SURSRQH XQD HVWUXFWXUD GH
FRQWURO ELODWHUDO GH WHOHRSHUDFLyQ SDUD XQ SDU GH VLVWHPDV
UREyWLFRVQROLQHDOHVGHP~OWLSOHVJUDGRVGHOLEHUWDG0HGLDQWHHO
XVR GH FRQFHSWRV GH FRQWURO GH SDVLYLGDG OD WpFQLFD GH
/\DSXQRY±.UDVRYVNLL \ OD LGHQWLGDG GH 3DUVHYDO VH UHDOL]D XQD
SDVLYDFLyQ GH OD FRPELQDFLyQ  GHO FDQDO GH FRPXQLFDFLyQ
UHWDUGDGR \ ORV EORTXHV GH FRQWURO HQ WDQWR TXH HO UHWDUGR VHD
FRQVWDQWH \ VH FRQR]FD OD FRWD VXSHULRU SDUD HO UHWDUGR GH LGD \
YXHOWD
/RV VLVWHPDV GH WHOHRSHUDFLyQ SXHGHQ VDFDU SURYHFKR GH OD





HVTXHPDV GH FRQWURO \D HVWDEOHFLGRV HODERUHQ VROXFLRQHV SDUD
KDFHU IUHQWH D LQHVWDELOLGDGHV FDXVDGDV SRU HVWRV UHWDUGRV GH
WLHPSRYDULDEOHV
(Q /R]DQR et al  VH WUDWD HO SUREOHPD GH
WHOHRSHUDFLyQELODWHUDOFRQVLGHUDQGRTXHHOPRGHORGHORSHUDGRU
QR HV SDVLYR0HGLDQWH HO XVR GH XQD HVWUDWHJLD GH FRQWURO 3'
FRQVLGHUDQGR HO UHWDUGR GHO FDQDO GH FRPXQLFDFLyQ \ SDUD XQ
UDQJR GH ODV JDQDQFLDV SURSRUFLRQDOHV GH DFRSODPLHQWR VH
GHPXHVWUD TXH ODV SRVLFLRQHV FRQYHUJHQ DVLQWyWLFDPHQWH D XQ
SXQWRGHHTXLOLEULRQRFHUR
1XxR DQG %D]DxH]  SUHWHQGHQ GDU XQ SULPHU SDVR
KDFLD OD XQLILFDFLyQ GH ORV DQiOLVLV GH HVWDELOLGDG SDUD
WHOHRSHUDGRUHV FRQ UHWDUGRV GH WLHPSR 3URSRQHQ XQD IXQFLyQ
JHQHUDO FRPR FDQGLGDWD GH /\DSXQRY OD FXDO FRQ XQD OLJHUD
PRGLILFDFLyQ SHUPLWH DQDOL]DU OD HVWDELOLGDG GH GLIHUHQWHV
HVTXHPDVGHFRQWUROTXHYDQGHVGHUHWDUGRVGHWLHPSRFRQVWDQWHV
D YDULDEOHV FRQ R VLQ WUDQVIRUPDFLyQ GH GLVSHUVLyQ \ FRQ R VLQ
VHJXLPLHQWRGHSRVLFLyQ

1.1. Evolución del Control por Convergencia de Estado 

/D PHWRGRORJtD GH FRQYHUJHQFLD GH HVWDGR UHSUHVHQWD XQD
DOWHUQDWLYD SDUD HO GLVHxR GH FRQWURODGRUHV ELODWHUDOHV (VWD
PHWRGRORJtD HV UHODWLYDPHQWH QXHYD \ KD VLGR SURSXHVWD D
SULQFLSLR GH OD ~OWLPD GpFDGD 6H EDVD HQ XQ VLVWHPD GH
WHOHRSHUDFLyQPRGHODGRHQYDULDEOHVGHHVWDGRHQHOGRPLQLRGHO
WLHPSR HQ HO FXDO VH KDQ FRQVLGHUDGR WRGDV ODV SRVLEOHV
LQWHUDFFLRQHV TXH SXHGHQ DSDUHFHU VREUH HO FRQMXQWR RSHUDGRU 
PDHVWURHVFODYRHQWRUQR
/DLPSRUWDQFLD\ODQRYHGDGGHOPpWRGRGHGLVHxRSUHVHQWDGR
HQ $]RULQ D UDGLFD HQ OD SRVLELOLGDG GH REWHQHU XQ
HVTXHPD GH FRQWURO GH PRGR TXH OD GLQiPLFD GHO HVFODYR DVt
FRPRODGLQiPLFDGH ODFRQYHUJHQFLDGHHVWDGRGHOPDHVWUR\HO
HVFODYR WHQJDQ XQ FRPSRUWDPLHQWR GHVHDGR FRQVLGHUDQGR HO
UHWDUGRH[LVWHQWHHQODFRPXQLFDFLyQODFRQVWDQWHGHUHIOH[LyQGH
IXHU]D \ FDUDFWHUtVWLFDV GLQiPLFDV GHO PDHVWUR HVFODYR \ HO
HQWRUQR
(O PpWRGR KD VLGR YDOLGDGR H[SHULPHQWDOPHQWH HQ VLVWHPDV
WHOHRSHUDGRV GH XQ JUDGR GH OLEHUWDG $]RULQ D \ GH GRV
JUDGRVGH OLEHUWDG 3HxD6HKDQ UHDOL]DGRHVWXGLRV VREUH
HVWUDWHJLDV GH FRQWURO DGDSWDWLYR EDVDGRV HQ HVWH HVTXHPD GH
FRQWURO $UWLJDV  GLVHxRV FRQWHPSODQGR UHWDUGRV HQ OD
WUDQVPLVLyQ $]RULQ E FRQWURO ELODWHUDO SRU FRQYHUJHQFLD
GHHVWDGRHQ VLVWHPDV WHOHRSHUDGRVGRQGH OD HVWUXFWXUDGHO URERW
PDHVWURGLILHUHHOHVFODYR3HxD
(Q$UWLJDVVHSUHVHQWDXQDQXHYDYHUVLyQGHOVLVWHPD
GH FRQWURO EDVDGR HQ $]RULQ D SDUD HO GLVHxR GH XQ
FRQWURODGRUELODWHUDOEDVDGRHQHOFRQFHSWRGHFRQWURODGDSWDWLYR
(O HVTXHPD LQFOX\H DOJXQDV JDQDQFLDV HVFDODUHV DGLFLRQDOHV \
PDWULFHV TXH DOLPHQWDQ OD LQWHUDFFLyQ HQWRUQRHVFODYR KDFLD HO
PDHVWUR (VWDV JDQDQFLDV VH DGDSWDQ VHJ~Q ORV FDPELRV HQ ORV
SDUiPHWURVGLQiPLFRVGHORVPDQLSXODGRUHV(ODQiOLVLVFRQVLGHUD
VyORVLVWHPDVOLQHDOHVGHSULPHURUGHQ\QRVHFRQVLGHUDHOUHWDUGR
GH FRPXQLFDFLyQ/RV DXWRUHV FRQFOX\HQ TXH FRQ HVWH HVTXHPD
QR HV SRVLEOH REWHQHU OD WUDQVSDUHQFLD LGHDO GHELGR D TXH VH
GHULYD GH XQ VLVWHPD QRFDXVDO 6H PXHVWUDQ UHVXOWDGRV
H[SHULPHQWDOHVSDUDYDOLGDUHOPpWRGRSHURVyORVHKDQDSOLFDGR
DXQVLVWHPDOLQHDOGHXQJUDGRGHOLEHUWDG






, 6H GHPXHVWUD OD HVWDELOLGDG GH XQ VLVWHPD GH
WHOHRSHUDFLyQELODWHUDOQROLQHDOWDQWRSDUDPDQLSXODFLyQ
ORFDO\UHPRWRFRQUHWDUGRGHWLHPSRYDULDEOH
,, 6H ORJUD OD VLQFURQL]DFLyQ ODV SRVLFLRQHV GHO
PDQLSXODGRU ORFDO \ UHPRWR FXDQGR HO PDQLSXODGRU
UHPRWRSXHGHPRYHUVHOLEUHPHQWH
,,, 6H GHPXHVWUD TXH HO HVTXHPD GH FRQWURO VH SXHGH
LPSOHPHQWDUHQWLHPSRUHDO
,9 6HGHPXHVWUD H[SHULPHQWDOPHQWHTXH HO HVTXHPDGH
FRQWUROSURSXHVWRDVHJXUDODHVWDELOLGDGDVLQWyWLFDGHO
VLVWHPD SDUD HO PDQLSXODGRU ORFDO \ UHPRWR FRQ
UHWDUGRGHWLHPSRYDULDEOH

(VWH DUWtFXOR HVWi RUJDQL]DGR GH OD VLJXLHQWH PDQHUD (Q OD
6HFFLyQ  VH GHVFULEH HO PRGHOR PDWHPiWLFR GHO VLVWHPD GH
WHOHRSHUDFLyQ(QOD6HFFLyQVHPXHVWUDODHVWUDWHJLDGHFRQWURO
GH FRQYHUJHQFLD GH HVWDGR FRQVLGHUDQGR UHWDUGR YDULDEOH HQ HO
FDQDO GH FRPXQLFDFLyQ (Q OD 6HFFLyQ  VH PXHVWUDQ ORV
UHVXOWDGRV GH ODV VLPXODFLRQHV SDUD HO HVTXHPD GH FRQWURO
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 0RGHOR1R/LQHDOGHO7HOHRSHUDGRUGHRUGHQn
(OURERWPDQLSXODGRUORFDO\UHPRWRVRQPRGHODGRVPHGLDQWH
OD IRUPXODFLyQ/DJUDQJH(XOHU FRPRXQSDU GHHQODFHV VHULDOHV
GHnJUDGRVGHOLEHUWDGFRQDUWLFXODFLRQHVURWDFLRQDOHV

      KOFOOOOOOOOO )ĲTJTTT&TT0    , 
      HUFUUUUUUUUU )ĲTJTTT&TT0     

'RQGH niii 5  TTT  FRUUHVSRQGHQDODDFHOHUDFLyQYHORFLGDG
\ SRVLFLyQ GH OD DUWLFXODFLyQ i   ^l r` GRQGH HO VXEtQGLFH l \ r
UHSUHVHQWDQ HO PDQLSXODGRU ORFDO \ UHPRWR UHVSHFWLYDPHQWH
  nni u5T0  HV ODPDWUL]GH LQHUFLD   nniii u5TT&   UHSUHVHQWD OD
PDWUL] GH IXHU]DV  GH FRULROLV \ FHQWULIXJDV   nii 5TJ  HV HO
YHFWRU GH IXHU]D JUDYLWDFLRQDO n
ic 5Ĳ  HV OD VHxDO GHO SDU GH
FRQWURO n5K )  UHSUHVHQWD OD IXHU]D HMHUFLGD SRU HO RSHUDGRU




FRQ HO PDQLSXODGRU ORFDO HV XQD IXHU]D FRQVWDQWH GHO PRGR
/R]DQRet alVLJXLHQWH

RSK ))  9HFWRUFRQVWDQWH
n5  

+LSyWHVLV 6H FRQVLGHUD TXH OD LQWHUDFFLyQ GHO HQWRUQR FRQ HO
PDQLSXODGRUUHPRWRHVSDVLYD





'HELGR D TXH OD IXHU]D GHO RSHUDGRU KXPDQR VH FRQVLGHUD
FRQVWDQWHQRVHJDUDQWL]DTXHHVWDVHDSDVLYD6LQHPEDUJRVLOD
YHORFLGDG GH ODV DUWLFXODFLRQHV WLHQGH D FHUR D PHGLGD TXH HO
WLHPSRWLHQGHDLQILQLWRHORSHUDGRUKXPDQRDSOLFDQGRXQDIXHU]D
FRQVWDQWH DXQTXH QR QHFHVDULDPHQWH SDVLYD QHFHVLWD VyOR XQD
FDQWLGDGOLPLWDGDGHHQHUJtD









   UUUUFOOOOF TJĲĲTJĲĲ    

6XVWLWX\HQGR  HQ  VH WLHQH OD VLJXLHQWHGLQiPLFDSDUD HO
VLVWHPDGHWHOHRSHUDFLyQFRPSHQVDGRHQJUDYHGDG

    RSOOOOOOOO )ĲTTT&TT0    




+LSyWHVLV  6H SUHVXPH TXH TOt \ TUt VRQ IXQFLRQHV
FRQWLQXDPHQWH GLIHUHQFLDEOHV TXH WLHQHQ XQD FRWD VXSHULRU
FRQRFLGDTLGHILQLGDSRU     rlitTTtT iii   fdd   
$GHPiVVHFRQRFHWDPELpQTXHHOUHWDUGRWRWDOLGD\YXHOWD
GHOFDQDOGHFRPXQLFDFLyQ   rllr TTT 
(OPDQLSXODGRU ORFDO \ UHPRWR  VH FRQHFWD D WUDYpV GH XQ
FDQDOGHFRPXQLFDFLyQFRQUHWDUGRYDULDEOHHQHOWLHPSRTiti 
^lr`




     tTttTt rr  UOUOOOOOO T5T5T.T.Ĳ  
        tTtGtTttTt lll  RSOUOUUUUUU )T5T5T.T.Ĳ   

'RQGH .O .O 5O 5O .U .U 5U \ 5U VRQ PDWULFHV
FRQVWDQWHVGHRUGHQn[nGHVXQDFRQVWDQWH
8WLOL]DQGR ODV KLSyWHVLV  \  UHHPSOD]DQGR  HQ 
REWHQHPRV

          RSUOUOOOOOOOOOOOO )T5T5T.T.TTT&TT0   tTttTt rr  
         













'HILQLHQGR HO YDORU HQ HVWDGR HVWDFLRQDULR GH OD SRVLFLyQ GHO
PDQLSXODGRU ORFDO \ UHPRWR FRPR n5O T  \ n5UT  (Q HVWDGR
HVWDFLRQDULRODGLQiPLFDGHOVLVWHPDVDWLVIDFH TTTT     UOUO  
7DPELpQ HQ HVWDGR HVWDFLRQDULR VH WLHQH TXH
      UUUOOO  TTTTTT     tTttTt rl  FRPR RS) HV FRQVWDQWH











   

$ ILQ GH VLPSOLILFDU OD GHPRVWUDFLyQ PDWHPiWLFD HV
FRQYHQLHQWH HVWDEOHFHU HO RULJHQ n5@>   FRPR HO YDORU HQ
HVWDGR HVWDFLRQDULR GHO VLVWHPD3DUD UHDOL]DU HVWR HQ HO VLVWHPD
GH WHOHRSHUDFLyQ HV QHFHVDULR DSOLFDU XQD WUDQVIRUPDFLyQ GH
FRRUGHQDGDVFRPRHVWD

      OOOOOO aa TTTTTT  o ttt  
      UUUUUU aa TTTTTT  o ttt  

(QODVQXHYDVYDULDEOHV    tt UO aa TT HOVLVWHPDWLHQHHOYDORUHQ
HVWDGRHVWDFLRQDULRHQHORULJHQ
3XHVWRTXH UO TT HVXQYDORUFRQVWDQWHHQWRQFHVGH\

               tttttttt UUOOUUOO aaaa TTTTTTTT      
      OOO a TTT   tTttTt ll 
      UUU a TTT   tTttTt rr 

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5HHPSOD]DQGRHQODGLQiPLFDGHOD]RFHUUDGR

         RSUOUUOOOOOOOOOO aaaaaa )T5TT5T.TT.T&T0   tTttTt rr 
     





















































(QWRQFHV OD GLQiPLFD GHO VLVWHPD WHOHRSHUDFLyQ ELODWHUDO HQ
OD]RFHUUDGRHVWiGDGRSRU

     






















3DUD HO VLVWHPD ELODWHUDO GDGR SRU  VHOHFFLRQDQGR ODV
JDQDQFLDVGHFRQWUROFRPR

  OGOUOGOO  .5.......     
  UGUUUGUO  .5.5....5      









   ! rlii TTkk  

'RQGHkLHOHOHPHQWRiGHODPDWUL]GLDJRQDO.kLHOHOHPHQWRi
GH OD PDWUL] GLDJRQDO . \ TL SDUD i   l r VRQ FRQVWDQWHV
HVFDODUHVSRVLWLYDVHQWRQFHVHORULJHQHVDVLQWyWLFDPHQWHHVWDEOH





6H UHFRPLHQGD DO OHFWRU UHYLVDU HO $SpQGLFH $ SDUD OD
GHPRVWUDFLyQPDWHPiWLFD

Comentario: Caso Retardo Constante 










OUOO  .5......     
UUUO  .5.5...5     

3.1 Fuerza de Reflexión Estática 

&RQVLGHUHHOVLVWHPDGHWHOHRSHUDFLyQQROLQHDOGHVFULWRSRU
\ OD OH\ GH FRQWURO GDGD SRU  \ EDMR HO VXSXHVWR GH  HQ
HVWDGRHVWDFLRQDULRVHWLHQHORVLJXLHQWH

UOOORS T5T.)  

'H .5..   OO  .5..   UU 

 UORS TT.)   

RSOUUUH )T5T.) G 
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3.2 Coordinación de Posición del Manipulador Local-Remoto 

6L ))   HRS \VHSXHGHHVFULELUFRPR TT   UO 
(VWR LPSOLFD TXH ORV YDORUHV HQ HVWDGR HVWDFLRQDULR GHO
PDQLSXODGRU ORFDO \ UHPRWR VRQ LGpQWLFRV (QWRQFHV HO HUURU GH
FRRUGLQDFLyQGHSRVLFLyQ      ttt UOa TTT  WLHQGHDFHURFRPR







3DUD UHDOL]DU ODV VLPXODFLRQHV GHO VLVWHPD VH FRQVLGHUD
WDQWRSDUDHOVLVWHPDORFDOFRPRHOUHPRWRHOPRGHORJHQpULFR
GH XQ URERW VHULDO UtJLGR GH n JUDGRV GH OLEHUWDG FX\RV
SDUiPHWURV VH FRUUHVSRQGHQ FRQ HO EDQFR GH SUXHEDV
H[SHULPHQWDO TXH VH GHVFULELUi HQ GHWDOOH HQ OD VHFFLyQ
VLJXLHQWH

       










  n5TI  HVXQPRGHORHVWiWLFRGHODIULFFLyQHQODDUWLFXODFLyQ
GHILQLGRSRU.HOO\DQG6DQWLEixH]











































6HKDQ UHDOL]DGRGRV WLSRVGLIHUHQWHVGH VLPXODFLRQHVGHWDOODGRV
HQHVWDVHFFLyQ

 8QD WUD\HFWRULD GHVHDGD HV LPSXHVWD DO PDQLSXODGRU
ORFDO SRU HO RSHUDGRU KXPDQR VLQ LQWHUDFFLyQ FRQ
FXDOTXLHUHQWRUQRPRYLPLHQWRHQHOHVSDFLROLEUH
 8QPRYLPLHQWRHVLPSXHVWRDOPDQLSXODGRUORFDOSRUHO
RSHUDGRU PLHQWUDV VH UHDOL]D XQD LQWHUDFFLyQ FRQ XQ








3DUD OD VLPXODFLyQ VH DVXPHTXH HO UHWDUGRGH WLHPSRHVXQD
VHxDO DOHDWRULD FRQ XQDPHGLD GH  VHJ \ XQD YDULDQFLD GH
LJXDOHQDPEDVGLUHFFLRQHV)LJXUD
/D FRWD GHO UHWDUGR GH WLHPSR HV LJXDO HQ DPEDV
GLUHFFLRQHV VHJ   lr TT 
&RQVLGHUDQGR   PD[   TtTi   ODV JDQDQFLDV . \ . VRQ
FDOFXODGDVXVDQGRODUHODFLyQ

/XHJR ORV YDORUHV GH ODV JDQDQFLDV GHO FRQWURODGRU.O .O
.U.U5O5O5U5U.OG\.UGVHGHWHUPLQDQSRU\
(VWRV YDORUHV VRQ ORV PLVPRV SDUD WRGDV ODV VLPXODFLRQHV




































PDQLSXODGRU ORFDO FRQ OD ILQDOLGDG GH PRYHU HO PDQLSXODGRU
UHPRWRVHPXHVWUDQHQ)LJXUD

























4.1 Caso A: Movimiento Libre 

&RPR VH YH GH ODV VHxDOHV )LJXUD  SDUD HO FDVR FXDQGR HO
PDQLSXODGRU UHPRWR QR LQWHUDFW~D FRQ HO HQWRUQR HV GHFLU OD
IXHU]D GH LQWHUDFFLyQ HV FHUR VH REWLHQH HO VHJXLPLHQWR GH
SRVLFLyQXVDQGRHOHVTXHPDGHFRQWUROSURSXHVWR/DVSRVLFLRQHV
DQJXODUHV GH ODV DUWLFXODFLRQHV GHO PDQLSXODGRU UHPRWR OtQHD
GLVFRQWLQXDVLJXHQODVGHOPDQLSXODGRUORFDOOtQHDVyOLGD

&XDQGR OD IXHU]D DSOLFDGD SRU HO RSHUDGRU HV FHUR HQ t   
VHJHOHUURUGHFRRUGLQDFLyQGHSRVLFLyQ      ttt UOa TTT  WLHQGH
D FHUR \ ORV YDORUHV HQ HVWDGR HVWDFLRQDULR GH OD SRVLFLyQ GHO




(O FRQWURODGRU JDUDQWL]D XQ FRPSRUWDPLHQWR HVWDEOH IUHQWH DO
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UHWDUGR GH WLHPSR \ WDPELpQ JDUDQWL]D HO VHJXLPLHQWR GH OD
SRVLFLyQ




























































































































































&RQ*   VL OD JDQDQFLD. DXPHQWD ORV YDORUHVPi[LPR \
PtQLPR GH ODV SRVLFLRQHV DUWLFXODUHV VH PDQWLHQHQ DGHPiV
FXDQGR HO RSHUDGRU GHMD GH DSOLFDU XQD IXHU]D HO WLHPSR HQ
DOFDQ]DU HO HVWDGR HVWDFLRQDULR GLVPLQX\H 6L OD JDQDQFLD .
GLVPLQX\H ORV YDORUHV Pi[LPR \ PtQLPR GH ODV SRVLFLRQHV
DUWLFXODUHVVHPDQWLHQH\DXPHQWDHOWLHPSRHQDOFDQ]DUHOHVWDGR
HVWDFLRQDULRFXDQGRHORSHUDGRUGHMDGHDSOLFDUXQDIXHU]D6L OD
JDQDQFLD . DXPHQWD ORV YDORUHV Pi[LPR \ PtQLPR GH ODV
SRVLFLRQHV DUWLFXODUHV GLVPLQX\HQ \ DXPHQWD HO WLHPSR HQ
DOFDQ]DU HO HVWDFLRQDULR FXDQGR HO RSHUDGRU GHMD GH DSOLFDU XQD
IXHU]D 6L OD JDQDQFLD . GLVPLQX\H ORV YDORUHV Pi[LPR \




&XDQGRG )LJXUD OD IXHU]DDSOLFDGDSRUHORSHUDGRUDO
PDQLSXODGRUORFDOWDPELpQVHDSOLFDDOPDQLSXODGRUUHPRWRHVWR
JHQHUD XQ LQFUHPHQWR HQ OD VHxDO GH FRQWURO GH SDU HQ HO
PDQLSXODGRU UHPRWR HO HIHFWR HV TXH ODV YDULDFLRQHV GH ODV
SRVLFLRQHVDQJXODUHVGHODVDUWLFXODFLRQHVGHOPDQLSXODGRUUHPRWR
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6L OD JDQDQFLD. DXPHQWD R GLVPLQX\H FXDQGR HO RSHUDGRU
GHMD GH DSOLFDU XQD IXHU]D HO WLHPSR HQ DOFDQ]DU HO HVWDGR
HVWDFLRQDULRVHPDQWLHQH6L ODJDQDQFLD.DXPHQWD ORVYDORUHV
Pi[LPR\PtQLPRGH ODVSRVLFLRQHVDUWLFXODUHVGLVPLQX\HQ\ VH
PDQWLHQH HO WLHPSR HQ DOFDQ]DU HO HVWDGR HVWDFLRQDULR FXDQGR HO
RSHUDGRUGHMDGHDSOLFDUXQDIXHU]D6LODJDQDQFLD.GLVPLQX\H
ORV YDORUHV Pi[LPR \ PtQLPR GH ODV SRVLFLRQHV DUWLFXODUHV
DXPHQWDQ \ VH PDQWLHQH HO WLHPSR HQ DOFDQ]DU HO HVWDGR
HVWDFLRQDULRFXDQGRHORSHUDGRUGHMDGHDSOLFDUXQDIXHU]D

4.2 Caso B: interacción con el Entorno 

3DUD HYDOXDU OD HVWDELOLGDG FXDQGR VH WLHQH FRQWDFWR FRQ HO




    PV15P15 HH     uu diagdiag %. 

&XDQGR HO PDQLSXODGRU UHPRWR QR KDFH FRQWDFWR FRQ HO
HQWRUQR    VHJ \  VHJ VH ORJUD HO VHJXLPLHQWR GH
SRVLFLyQGHOPDQLSXODGRUORFDO\UHPRWR)LJXUD
/DV VLPXODFLRQHV QR SXHGHQ UHSOLFDU OD FDOLGDG GH OD
SHUFHSFLyQ KXPDQD SHUR ORV UHVXOWDGRV GH HVWDV VLPXODFLRQHV
SURSRUFLRQDQ LQGLFDFLRQHV~WLOHV SDUD HYDOXDU HO UHQGLPLHQWRGHO
FRQWURODGRU
 




(O PDQLSXODGRU UHPRWR KDFH FRQWDFWR FRQ HO HQWRUQR HQ HO
LQWHUYDORVHJXQGRV









6H KD FRQVWUXLGR XQ SURWRWLSR GHO VLVWHPD GH WHOHRSHUDFLyQ
ELODWHUDOORFDOUHPRWRHQWLHPSRUHDO)LJXUD
(OPDQLSXODGRUORFDOHVXQGLVSRVLWLYRKDSWLFRGHJUDGRVGH
OLEHUWDG 3+$1720 2PQL GH 6HQV$EOH 7HFKQRORJLHV (V XQ
EUD]RDUWLFXODGRGHVHLVHMHVJLUDWRULRVEDVDGRHQ3&
(OPDQLSXODGRUUHPRWRHVXQEUD]RVHULDOSODQDUGHWUHVJUDGRV
GH OLEHUWDG FRQ DFFLRQDPLHQWR SRU PRWRUHV '& 7DIXU HW DO
(O VLVWHPDGH DFWXDFLyQGHOPDQLSXODGRU UHPRWR FRQVLVWH




























































































































 Julio C. Tafur et al. / Revista Iberoamericana de Automática e Informática industrial 11 (2014) 406–416 413
6HXWLOL]DHOSURWRFROR8'3SDUDODFRPXQLFDFLyQSRU,QWHUQHW




6H KD UHDOL]DGR SUXHEDV SDUD HO FDVR FXDQGR HO PDQLSXODGRU
UHPRWR QR LQWHUDFW~D FRQ HO HQWRUQR HV GHFLU OD IXHU]D GH
LQWHUDFFLyQ HV FHUR VH PXHVWUD TXH HO HVTXHPD GH FRQWURO
SURSXHVWR DVHJXUD OD HVWDELOLGDG DVLQWyWLFD GHO VLVWHPD SDUD HO
PDQLSXODGRU ORFDO \ UHPRWR FRQ UHWDUGR GH WLHPSR YDULDEOH
)LJXUD



































































































































































































(QHVWH DUWtFXOR VHKDSUHVHQWDGR HO HVTXHPDGH FRQWURO \ HO
DQiOLVLV GH HVWDELOLGDG GH XQ VLVWHPD GH WHOHRSHUDFLyQ QR OLQHDO
XWLOL]DQGRODWpFQLFDGHFRQYHUJHQFLDGHHVWDGR
(O VLVWHPD LPSOHPHQWDGR WLHQH  JUDGRV GH OLEHUWDG \ VH
FRQVLGHUD TXH H[LVWH UHWDUGR GH WLHPSR YDULDEOH HQ HO FDQDO GH
FRPXQLFDFLyQ 6H VXSRQH TXH OD IXQFLyQ GH UHWDUGR HV
FRQWLQXDPHQWH GLIHUHQFLDEOH \ TXH WLHQHQ XQD FRWD VXSHULRU
FRQRFLGDDVtFRPRXQDYDULDFLyQGHOUHWDUGRFRQRFLGD
$GHPiV VH XWLOL]D OD WHRUtD GH /\DSXQRY \ HO IXQFLRQDO
/\DSXQRY.UDVRYVNLL SDUD GHPRVWUDU  TXH HO VLVWHPD GH OD]R




GH FRQWURO DGHFXDGDV WDOHV TXH VH FXPSODQ ODV FRQGLFLRQHV
HVSHFtILFDVGHHVWDELOLGDGLQGLFDGDVHQHODQiOLVLV
6HGHPXHVWUD WDPELpQTXH VH ORJUD VLQFURQL]DU ODVSRVLFLRQHV
GHOPDQLSXODGRUORFDO\UHPRWRFXDQGRHOPDQLSXODGRUUHPRWRVH
PXHYHOLEUHPHQWH
(Q ORV UHVXOWDGRV GH VLPXODFLyQ VH SXHGHQ REVHUYDU ODV
ERQGDGHV GH OD HVWUXFWXUD GH FRQWURO SURSXHVWD )LJXUD  \
)LJXUD
6H PXHVWUD TXH HO FRQWURODGRU SURSXHVWR JDUDQWL]D XQ
FRPSRUWDPLHQWR HVWDEOH DVt FRPR WDPELpQ TXH OD SRVLFLyQ GHO
PDQLSXODGRU UHPRWR VLJXH OD SRVLFLyQGHOPDQLSXODGRU ORFDO6H
PXHVWUDWDPELpQTXHFXDQGRHORSHUDGRUGHMDGHDSOLFDUIXHU]DDO




)LQDOPHQWH VHPXHVWUDQ ORV UHVXOWDGRV H[SHULPHQWDOHV FRQ HO
SURWRWLSR GHVDUUROODGR )LJXUD  (VWRV UHVXOWDGRV GHPXHVWUDQ
TXH FRQ OD HVWUDWHJLD GH FRQWURO SODQWHDGD HO VLVWHPD GH
WHOHRSHUDFLyQHVDVLQWyWLFDPHQWHHVWDEOH
3RU RWUR ODGR VH GHEH WHQHU HQ FXHQWD TXH GXUDQWH OD
UHDOL]DFLyQGH ORVH[SHULPHQWRVHORSHUDGRUQR ORJUDUiPDQWHQHU
XQD IXHU]D FRQVWDQWH GHELGR D IDFWRUHV FRPR OD IDWLJD \
GLVWUDFFLyQHQWUHRWURVYLROiQGRVHDVt OD+LSyWHVLVFRQVLGHUDGD
HQ OD GHPRVWUDFLyQ WHyULFD $ SHVDU GH HVWR \ REVHUYDQGR ORV









7KLV DUWLFOH SUHVHQWV D QRYHO FRQWURO VFKHPH IRU ELODWHUDO
WHOHRSHUDWLRQ RI n GHJUHHRIIUHHGRP '2) QRQOLQHDU URERWLF
V\VWHPVZLWKWLPHYDU\LQJFRPPXQLFDWLRQGHOD\
7KHELODWHUDOFRQWURORIWKHWHOHRSHUDWRUV\VWHPFRQVLGHUVWKHFDVH
ZHUH WKH KXPDQ RSHUDWRU DSSOLHV D FRQVWDQW IRUFH RQ WKH ORFDO
PDQLSXODWRU DQGZKHQ WKH LQWHUDFWLRQRI WKH UHPRWHPDQLSXODWRU
ZLWKWKHHQYLURQPHQWLVFRQVLGHUHGSDVVLYH
7KHVWDELOLW\DQDO\VLVZDVSHUIRUPHGXVLQJ/\DSXQRY.UDVRYVNLL
IXQFWLRQDOV DQG LW VKRZHG WKDW XVLQJ D FRQWURO VFKHPH E\ VWDWH
FRQYHUJHQFH IRU WKH FDVHV ZLWK YDULDQW WLPH GHOD\ UHVXOWHG LQ
DV\PSWRWLFDOO\ VWDEOH ORFDO DQG UHPRWH QRQOLQHDU WHOHRSHUDWLRQ
V\VWHPV
7KH SURSRVHG FRQWURO VWUDWHJLHV DUH LQGHSHQGHQW RI SDUDPHWHU
XQFHUWDLQWLHV LQ WKH URERW PRGHOV WKH KXPDQ RSHUDWRU DQG WKH
UHPRWHHQYLURQPHQW
,W LV DOVR VKRZQ WKDW LQ WKH FDVH RI UHOLDEOH FRPPXQLFDWLRQ
SURWRFROV WKH SURSRVHG VFKHPHJXDUDQWHHV WKDW WKH ORFDOUHPRWH
SRVLWLRQFRRUGLQDWLRQLVDFKLHYHG
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$JUDGHFLPLHQWRV
/RV DXWRUHV DJUDGHFHQ DO *RELHUQR GH (VSDxD 3UR\HFWR
&,&<7 5HI '3, \ D OD &RPXQLGDG GH 0DGULG
%2&,7<,, 5HI 3'3, SRU OD ILQDQFLDFLyQ
FRQFHGLGD SDUD HVWD LQYHVWLJDFLyQ $GHPiV DJUDGHFHQ HO DSR\R
UHFLELGR SRU HO &HQWUR GH $XWRPiWLFD \ 5REyWLFD GH OD
8QLYHUVLGDG 3ROLWpFQLFD GH 0DGULG \ HO /DERUDWRULR GH
,QYHVWLJDFLyQ HQ %LRPHFiQLFD \ 5REyWLFD $SOLFDGD GH OD
3RQWLILFLD8QLYHUVLGDG&DWyOLFDGHO3HU~
5HIHUHQFLDV
$QGHUVRQ 5 - DQG 6SRQJ0:  %LODWHUDO FRQWURO RI WHOHRSHUDWRUV
ZLWKWLPHGHOD\,(((7UDQVDFWLRQVRQ$XWRPDWLF&RQWURO
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'RQGH kL HO HOHPHQWR i GH OD PDWUL] GLDJRQDO . kL HO









REVHUYDU HQ OD )LJXUD $ (Q SULPHU OXJDU VH SURSRQH XQ
IXQFLRQDO GH /\DSXQRY.UDVRYVNLL SDUD SUREDU HVWDELOLGDG GHO
HVTXHPD GH FRQWURO SURSXHVWR /XHJR VH GHPXHVWUD TXH ODV
VHxDOHV
UUOUO
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'RQGH TLt SDUD i   lr UHSUHVHQWD HO UHWDUGR YDULDEOH HQ HO





/DGHULYDGDHQHO WLHPSRGHO IXQFLyQGH/\DSXQRYD OR ODUJR
GHODWUD\HFWRULDGHVFULWDSRU$HVWiGDGDSRU
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'RQGH .UG \ .OG HVWiQ GDGRV SRU $ HVWDV JDQDQFLDV
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3DUD FXDOTXLHU YHFWRU GH VHxDOHV n5 \[  SDUD XQD PDWUL]
FRQVWDQWH GLDJRQDO SRVLWLYD GHILQLGD nnu5.  5D \ SDUD
FXDOTXLHU IXQFLyQFRQWLQXDPHQWHGLIHUHQFLDEOHTLtFRQXQDFRWD































































































































































'RQGH  $P GHQRWD HO PHQRU DXWRYDORU GH$ \ OD QRWDFLyQ
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^ ` f LUUOUO aaaaa TTTTT 




TT   fofo UO
aOLPaOLP  tt
(7$3$ 
3UREDUHPRV FRQYHUJHQFLD D FHUR GH DFHOHUDFLyQ
LH
aOLPaOLP UO   fofo TT  tt
(7$3$ 
)LQDOPHQWHSUREDUHPRVHVWDELOLGDGDVLQWyWLFDLH
    UUOO OLPOLP TTTT   fofo tt tt

























































































/XHJRSDUD  !D VHWLHQHTXH

    !  iiririliii kkTkTkTkkk DD 

(OFXDOSDUD  !D WLHQHXQDVROXFLyQVL

   irli kTTk  !     $
/DV FRQGLFLRQHV LPSXHVWDV VREUH ODV JDQDQFLDV HFXDFLyQ
$ SHUPLWH DVHJXUDU OD QR QHJDWLYLGDG GHV OR FXDO SHUPLWH
FRQFOXLU TXH ^ ` TaTaUO UO aa LHHTT   (VWR SHUPLWH SUREDU TXH
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5HHVFULELHQGR   tTt r UO aa TT FRPR

     tTttTt rr   UUUOUO aaaaaa TTTTTT  $

6H VDEH TXH f LUO aa TT  SRU OR WDQWR DQDOL]DUHPRV
  tTt r UU aa TT 
8VDQGRODGHVLJXDOGDGGH6FKZDUW]VHFXPSOHTXH

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aaaa  TTTT  VV  $

8VDQGR $ \
f LUO aa TT HQ $ VH FRQFOX\H TXH
   f LtTt rUO aa TT  'HO PLVPR PRGR VH SXHGH SUREDU TXH
   f LtTt lOU aa TT 

'H $ WHQLHQGR HQ FRQVLGHUDFLyQ ODV SURSLHGDGHV EiVLFDV
GHOPRGHORGLQiPLFRSDUDURERWV.HOO\DQG6DQWLEixH]HO
KHFKR GH TXH      ^ ` f LtTttTt rl UOOUUOUO aaaaaaaa TTTTTTTT  
DVHJXUDQ TXH ^ ` f LUO aa TT    VRQ XQLIRUPHPHQWH FRQWLQXDV 6ORWLQH
DQG /L  $GHPiV FRPR ^ ` UO aa LTT   XVDQGR HO /HPD GH
%DUEDODW7HHOSHUPLWHFRQFOXLUTXH

HHTT     fofofofo UO TaTaUO OLPOLP






$QDOL]DQGR OD GHULYDGD GH $ WHQLHQGR HQ FRQVLGHUDFLyQ
ODV SURSLHGDGHV EiVLFDV GHOPRGHOR GLQiPLFR SDUD URERWV .HOO\
DQG 6DQWLEixH]  HO KHFKR GH
TXH      ^ ` f LtTttTt rl UOOUUOUO aaaaaaaa TTTTTTTT   \ DGHPiV FRPR
^ ` UO aa LTT   SHUPLWHQ DVHJXUDU TXH f LUO aa TT   3RU OR WDQWR ^ `UO aa TT  
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(YDOXDQGR HO OtPLWH FRPR fot \ FRPR VH KD PRVWUDGR
DQWHULRUPHQWH TT   fofo UO aOLPaOLP  tt VHREWLHQH
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L TT   ³
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VV d 
/R FXDO HV DFRWDGD ,QYRFDQGR HO /HPD GH %DUEDODW .KDOLO







DFHOHUDFLyQ OD GLQiPLFD GHO VLVWHPD $ FRQ
.5.5....     UOUO  LPSOLFDTXH
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7RPDQGR HQ FXHQWD GH TXH
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aOLPaOLP  tt VHWLHQHTXH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/DV HFXDFLRQHV DQWHULRUHV LPSOLFDQ TXH
    TT   fofo tt tt UO aOLPaOLP 
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3RU OR WDQWR HO RULJHQ GHO VLVWHPD ^ `UOUO aaaa TTTT   HV
DVLQWyWLFDPHQWHHVWDEOH\     UUOO OLPOLP TTTT   fofo tt tt 
(VWR JDUDQWL]D OD HVWDELOLGDG GHO VLVWHPD GH WHOHRSHUDFLyQ
SURSXHVWR
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